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The  mode  of  action  of  mosquito  repellents  remains  a  controversial  topic.  However,  electrophysiological 
studies  and  molecular  approaches  have  provided  a  better  understanding  of  how  repellents  exert  their 
effects.  Here,  we  briefly  discuss  various  theories  of  repellent  action  and  present  the  current  status  of 
knowledge  of  the  effects  of  repellents  on  olfactory  and  gustatory  processes.  These  findings  provide  a 
framework  for  further  development  of  existing  repellents  and  the  discovery  of  new  compounds  with 
novel  modes  of  action. 
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1.  Introduction 

Mosquitoes  vector  numerous  diseases  including  malaria,  den¬ 
gue,  west  nile  virus  and  yellow  fever.  Even  in  the  absence  of  disease, 
mosquitoes  are  an  annoyance  that  can  disrupt  outdoor  activities. 
The  use  of  repellents  decreases  contacts  between  mosquitoes  and 
their  hosts,  and  may  even  lower  the  rate  of  disease  transmission  in 
many  instances  [1],  The  most  commonly  used  mosquito  repellent, 
DEET  (N,/V-diethyl-3-methylbenzamide),  was  discovered  over 
60  years  ago  and  has  been  in  use  since  the  1950’s  [2],  Many  other 
compounds  have  been  characterized  as  having  repellent  activity 
for  mosquitoes  as  well  as  other  arthropod  vectors  based  on  labora¬ 
tory  behavioral  bioassays  or  topical  application  of  the  compounds 
to  the  skin  for  field  and  laboratory  testing  [3]. 

Here,  we  briefly  outline  various  theories  on  the  mode  of  action 
of  repellents.  Then  we  present  recent  studies  mostly  from  our  lab, 
which  provide  insight  into  some  of  the  early  theories  on  the  mode 
of  action  of  insect  repellents,  and  a  model  for  future  research 
aimed  at  discovery  of  new  compounds  with  repellent  action. 

2.  Theories  of  repellent  action 

2.J.  DEET  masks  responses  of  olfactory  receptor  neurons  (ORNs)  to 
attractants 

The  first  detailed  investigations  of  the  mode  of  action  of  repel¬ 
lents  were  summarized  by  Davis  [4].  At  the  time,  techniques  were 
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available  for  single  cell  recordings  from  ORNs  on  the  antennae  of 
mosquitoes  and  a  number  of  repellent  compounds  were  tested  for 
their  activity  on  these  cells.  Based  mostly  on  these  electrophysio¬ 
logical  studies,  Davis  and  his  colleagues  hypothesized  that  repel¬ 
lents  had  their  effect  by  modifying  or  blocking  responses  of  ORNs 
normally  sensitive  to  attractants.  This  idea  was  supported  by  the 
observation  that  DEET  decreased  the  sensitivity  of  both  lactic  acid 
sensitive  ORNs  to  lactic  acid,  a  component  of  human  sweat  [5], 
and  an  ORN  sensitive  to  an  oviposition  attractant,  ethyl  proprio- 
nate  [6], 

2.2.  DEET  exerts  its  effects  by  activating  specific  ORNs  or  specific 
odorant  receptors  (ORs) 

Boeckh  and  his  colleagues  [7]  showed  that  two  ORNs  (based  on 
different  action  potential  amplitudes)  associated  with  A-2  sensilla 
on  the  antenna  of  Aedes  aegypti  were  activated  by  DEET.  They  pos¬ 
tulated  that  since  these  neurons  were  not  activated  by  attractants 
that  a  message  may  be  sent  to  the  central  nervous  system  which 
counteracts  the  perception  of  attractants  by  other  neurons.  How¬ 
ever,  they  did  not  rule  out  direct  inhibition  of  an  attractant  recep¬ 
tor  neuron  as  Davis  and  his  colleagues  had  shown  earlier  [5,6]. 
Syed  and  Leal  (2008)  showed  that  DEET  activated  a  specific  ORN 
in  a  trichoid  sensillum  on  the  antennae  of  Culex  quinquefasciatus 
[8],  The  demonstration  that  DEET  activated  a  specific  odorant 
receptor  (OR)  in  larval  Anopheles  gambiae  provided  additional  sup¬ 
port  for  this  theory  [9], 

2.3.  DEET  sequesters  an  attractant 

Syed  and  Leal  [8]  showed  that  when  DEET  was  released  from 
odor  cartridges  with  the  attractant  component,  octenol,  the 
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Fig.  1.  Modes  of  action  of  insect  repellents.  A.  Fixative  effect  of  DEET  on  the  attractant,  octenol.  B.  Interaction  of  citronellal  with  a  receptor  assemblage  through  an  allosteric 
site  on  Drosophila  Oreo.  C.  Activation  of  a  mosquito  TRPA1  channel  by  citronellal.  D.  Activation  of  OR8-Orco  by  interaction  of  octenol  with  the  orthosteric  site  on  OR8.  E. 
Inhibition  of  octenol  response  by  interaction  of  DEET  with  an  allosteric  site  on  OR8.  F.  Activation  of  OR2-Orco  by  interaction  of  indole  with  the  orthosteric  site  on  OR2.  G. 
Activation  of  OR2-Orco  by  interaction  of  DEET  with  the  orthosteric  site  on  OR2. 


amount  of  octenol  released  from  the  cartridge  was  reduced.  This 
effect  led  to  smaller  responses  of  octenol  ORNs  in  Ae.  aegypti.  They 
also  showed  that  DEET  applied  to  the  skin  changed  the  “chemical 
profile”  of  volatiles  being  released,  perhaps  decreasing  the  attrac¬ 
tiveness  of  the  skin.  However,  this  fixative  effect  (Fig.  1A)  was  re¬ 
futed  by  another  study  by  Pellegrino  et  al.  [10]. 


2.4.  DEET  stimulates  a  gustatory  receptor  neuron  (CRN)  sensitive  to 
bitter  aversive  compounds  in  Drosophila 

Lee  et  al.  [11]  showed  that  DEET  suppresses  the  feeding  behav¬ 
ior  of  the  vinegar  fly,  Drosophila  melanogaster.  GRNs  housed  in  the 
short  sensilla  on  the  outer  labellum  of  the  fly  responded  to  both 
DEET  and  other  bitter  feeding  deterrents  such  as  quinine.  These  ef¬ 
fects  were  determined  to  be  mediated  by  direct  interactions  be¬ 
tween  DEET  and  several  gustatory  receptors  (GRs). 


2.5.  A  botanical  repellent,  citronellal,  interacts  with  two  distinct 
molecular  pathways  to  mediate  repellency 

Kwon  et  al.  [12]  showed  that  citronellal  interacted  with  the 
olfactory  co-receptor  Oreo  and  with  TRPA1  channels  in  An.  gambiae 
and  D.  melanogaster  (Fig.  IB  and  C).  In  An.  gambiae,  the  TRPA1 
channel  is  directly  activated  by  citronellal,  whereas  in  Drosophila, 
citronellal  may  regulate  the  activity  of  a  Ca2+-activated  K+  channel 
by  interacting  with  TRPA1. 

2.6.  DEET  modulates  responses  of  specific  ORNs  and  ORs  to  their 
ligands 

Bohbot  and  Dickens  [13]  used  Xenopus  oocytes  as  an  ex  vivo 
expression  system  to  explore  the  molecular  receptive  range  of  Ae. 
aegypti  ORs.  These  pharmacological  studies  revealed  that  the  activ¬ 
ity  of  ORs  could  be  modulated  by  a  variety  of  insect  repellents.  This 
idea  provided  support  for  an  earlier  study  that  showed  that  DEET 
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and  other  repellents  may  stimulate  specific  ORs  (Fig.  ID  and  E)  or 
inhibit  responses  of  ORs  to  attractants  in  Ae.  aegypti  (Fig.  IF  and  G). 
Thus,  messages  received  by  the  CNS  were  scrambled  resulting  in 
disorientation  of  the  insect. 

2.7.  Old  insights  stimulate  new  questions  and  answers 

After  the  numerous  efforts  over  60  years  since  the  discovery  of 
DEET,  the  mode  of  action  of  DEET  and  other  repellents  remains  a 
matter  of  debate.  In  the  last  5  years  a  handful  of  reports  have 
implicated  olfactory,  gustatory  and  temperature  signaling  path¬ 
ways.  While  these  studies  have  begun  to  uncover  the  mechanisms 
of  action  of  insect  repellents,  they  have  also  generated  new  ques¬ 
tions.  How  can  DEET  and  other  repellents  interact  with  unrelated 
receptor  proteins?  Does  this  question  relate  to  the  broad  spectrum 
activity  of  repellents  on  phylogenetically  diverse  arthropods?  How 
does  the  activation  and  inhibition  of  ORs  by  DEET  relate  to  its  ef¬ 
fects  on  insect  behavior?  The  following  sections  focus  on  the  newer 
discoveries  regarding  the  physiological  and  molecular  effects  of 
repellents  on  ORs  and  GRs  in  an  attempt  to  address  these  intrigu¬ 
ing  questions. 

3.  Action  of  repellents  on  ORNs  and  ORs 

3.1.  Electrophysiological  techniques  used  to  study  ligand-gated  ORs 

Electrophysiological  recordings  from  ORNs  in  vivo  and  ORs  ex¬ 
pressed  heterologously  (=ex  vivo)  offer  a  powerful  combination  of 
tools  for  the  study  of  the  mode  of  action  of  mosquito  repellents. 
The  biochemical  environment  of  ORs  remains  an  active  field  of  re¬ 
search  as  we  have  only  a  partial  understanding  of  the  components 
involved.  Insect  ORs  are  heteromeric  ligand-gated  ion  channels. 
They  are  comprised  of  a  variable  odorant-sensing  subunit  (ORx) 
and  an  obligatory  and  invariable  OR  co-receptor  (Oreo)  that  form 
ORx-Orco  [14-16].  While  ORs  play  a  pivotal  role  in  olfactory  sig¬ 
naling,  other  factors  in  the  lymph  of  an  olfactory  sensillum,  includ¬ 
ing  odorant-binding  proteins  (OBPs),  sensory  neuron  membrane 
proteins  (SNMPs),  and  odorant-degrading  enzymes  (ODEs)  may 
influence  their  function. 

In  order  to  eliminate  these  factors,  ORs  may  be  expressed  out¬ 
side  the  sensillum,  in  various  cell  expression  systems  such  as  the 
oocytes  of  the  frog  Xenopus  laevis.  This  pharmacological  technique 
allows  for  the  establishment  of  precise  concentration-response 
relationships,  as  the  quantity  of  the  stimulus  to  which  the  recep¬ 
tors  are  exposed  is  known.  Prior  knowledge  of  the  OR  and  its  nat¬ 
ural  ligand  is  strongly  recommended.  ORs,  like  other  classes  of 
receptors,  are  likely  to  possess  multiple  recognition  sites  including 
a  putative  primary  “orthosteric”  site  interacting  with  evolutionary 
selected  semiochemicals  and  secondary  “allosteric”  sites  which  re¬ 
act  with  chemicals  with  no  specific  biological  meaning  (e.g.  syn¬ 
thetic  compounds)  [17]. 

In  order  to  test  the  pharmacological  information  obtained  using 
Xenopus  oocytes,  these  same  experiments  may  be  conducted 
in  vivo  on  basiconic  sensilla,  which  house  three  ORNs  [18]  that 
can  be  functionally  distinguished  based  on  the  shape  and  ampli¬ 
tude  of  their  action  potentials.  The  “A"  neuron  characterized  by 
the  largest  amplitude  action  potential  responds  to  C02  [19].  The 
“B”  neuron  has  no  known  effective  stimulus  and  constitutively 
generates  medium  sized  action  potentials.  Finally,  the  “C”  neuron, 
with  the  smallest  amplitude  action  potential,  responds  to  octenol 

[20]  and  is  thought  to  express  the  OR8-Orco  receptor  assemblage 

[21] .  While  single-cell  recording  is  a  powerful  technique  to  study 
neuron  physiology  in  vivo,  the  establishment  of  dose-response 
relationships  between  ORN  activity  and  odorants  or  drugs  presents 
one  notable  limitation:  the  exact  quantity  of  stimulus  leaving  the 


odor  cartridge  and  reaching  the  surface  of  the  ORN  cannot  be  prac¬ 
tically  measured. 

Octenol  (=l-octen-3-ol)  was  identified  as  a  natural  attractant 
for  mosquitoes  in  1989  [22].  A  study  using  single-cell  recordings 
in  Culex  pipiens  demonstrated  the  selectivity  of  the  “C”  neuron, 
housed  in  basiconic  sensilla  on  the  maxillary  palps,  toward  the 
(R)-enantiomer  of  octenol  [23].  The  same  year,  two-electrode  volt¬ 
age  clamp  of  Xenopus  oocytes  expressing  the  An.  gambiae  octenol 
receptor  (OR8-Orco),  revealed  increased  responses  to  the  (R)-enan- 
tiomer  of  octenol  [21]  (Fig.  ID).  This  information,  in  combination 
with  expression  data  [21,24],  strongly  suggested  that  the  natural 
odorant  ligand  for  OR8  was  (R)-octenol  and  paved  the  way  for  a  de¬ 
tailed  pharmacological  analysis  with  the  Ae.  aegypti  OR8  ortholog 
[25], 

3.2.  The  odorant  receptive  range  of  ORNs  and  ORs 

Using  voltage  clamp  recordings,  OR8-Orco  responses  were  eval¬ 
uated  when  exposed  to  octenol  and  various  analogs  with  minimal 
structural  modifications  (Fig.  2)  [25].  OR8-Orco  was  estimated  to 
be  100-fold  more  sensitive  to  the  (R)  enantiomer  than  to  the  (S) 
form,  a  difference  likely  underestimated  considering  the  presence 
of  trace  amounts  of  the  opposite  enantiomer  in  each  tested  sample. 
Perhaps  more  remarkable  was  that  OR8-Orco  affinity  was  stronger 
for  other  octenol  analogs  than  for  (S)-octenol.  This  experiment 
demonstrated  that  an  OR  was  able  to  achieve  remarkable  sensitiv¬ 
ity  and  specificity  toward  a  non-pheromonal  compound. 

Results  of  the  ex  vivo  studies  were  tested  in  vivo  using  single¬ 
cell  recordings  from  octenol  sensitive  ORNs  in  sensilla  on  the  max¬ 
illary  palps  [26].  Using  C02  free  air,  the  “C”  neuron  was  challenged 
with  the  same  octenol  analogs  and  the  two  octenol  enantiomers 
tested  in  the  heterologous  expression  system.  While  the  actual 
concentration  of  odorant  reaching  the  ORN  could  not  be  deter¬ 
mined,  the  data  concurred  with  those  obtained  from  voltage  clamp 
recordings  from  Xenopus  oocytes  expressing  OR8-Orco.  Increased 
differences  in  the  sensitivity  to  (R)-octenol  relative  to  other  com¬ 
pounds  observed  in  vivo  were  difficult  to  interpret  due  to  inherent 
differences  in  stimulus  delivery  between  voltage  clamp  and  single¬ 
cell  recording  techniques.  Thus,  a  role  for  accessory  proteins  such 
as  OBPs  could  not  be  excluded  in  enhancing  the  sensitivity  of 
OR8-Orco  in  vivo ;  many  studies  have  suggested  that  OBPs  might 
influence  the  solubility  of  odors  within  the  sensillum  lymph  sur¬ 
rounding  the  neuron. 

Two  other  ORs  provided  pharmacological  prospects  to  study  the 
effect  of  mosquito  repellents.  OR2  and  ORIO  are  paralogous  mem¬ 
bers  of  a  conserved  group  of  indole  receptors  present  in  both  the 
aedine  and  anopheline  mosquitoes  [27],  Using  voltage  clamp 
recordings  from  Xenopus  oocytes  expressing  OR2-Orco,  indole 
was  identified  as  a  biologically  meaningful  ligand  for  OR2 
(Fig.  IF).  Due  to  the  protein  sequence  identity  between  OR2  and 
ORIO,  it  was  predicted  that  the  latter  would  specifically  recognize 
an  indole  analog  [27].  Subsequently,  3-methyl-indole  (skatole)  was 
shown  to  be  the  cognate  ligand  for  ORIO  [28].  These  experiments 
led  to  three  important  conclusions:  (1)  ORs  are  capable  of  a 
remarkable  level  of  discrimination  without  the  assistance  of  other 
factors  such  as  OBPs,  (2)  non-pheromone  receptors  exhibit  ligand 
specificity  and  sensitivity  on  par  with  pheromone  receptors,  and 
(3)  the  molecular  geometry  of  semiochemicals  are  a  determinant 
factor  for  proper  ligand  recognition. 

The  results  of  the  aforementioned  studies  agreed  with  the  the¬ 
ory  that  ORs  possess  a  highly  specific  primary  recognition  site 
(orthosteric  site)  for  a  biologically  meaningful  signal  (semiochem- 
ical)  and  “specialist”  ORs  now  included  non-pheromonal  receptors. 
These  ideas  required  a  re-examination  of  the  concept  of  “general¬ 
ist”  ORs,  i.e„  receptors  activated  by  ligands  with  various  chemical 
geometry  [17].  The  ability  of  an  OR  to  recognize  a  variety  of  ligands 


Please  cite  this  article  in  press  as:  J.C.  Dickens,  J.D.  Bohbot,  Mini  review:  Mode  of  action  of  mosquito  repellents,  Pestic.  Biochem.  Physiol.  (2013),  http:// 
dx.doi.org/10.1016/j.pestbp.2013.02.006 


ARTICLE  IN  PRESS 


4 


J.C.  Dickens,  J.D.  Bohbot / Pesticide  Biochemistry  and  Physiology  xxx  (2013)  xxx-xxx 


(R)-  1-octen-3-ol 


(S)-1-octen-3-ol 


Fig.  2.  Structure  of  (R)-  and  (S)-enantiomers  of  l-octen-3-ol  and  analogs  supposedly  interacting  with  orthosteric  site  for  (R)-l-octen-3-ol  on  OR8.  Both  octenol  enantiomers 
and  each  of  the  compounds  shown  were  tested  on  octenol  receptor  neurons  in  vivo  and  OR8-Orco  expressed  heterologously  in  Xenopus  oocytes.  The  relative  sensitivities  of 
OR8-Orco  toward  (R)-l-octen-3-ol  (O)  and  octenol  analogs  (•)  were  translated  from  EC50  values  into  surface  areas. 


requires  either  a  single  but  variable-geometry  ligand  recognition 
site  (single  binding  domain)  or  multiple  recognition  sites  (multiple 
binding  domains).  Growing  experimental  evidence  support  the  lat¬ 
ter  idea  without  excluding  some  limited  degree  of  ligand  promis¬ 
cuity  [25], 

3.3.  DEET  modulates  the  activity  of  ORs 

Separate  studies  have  shown  that  DEET,  a  known  insect  repel¬ 
lent,  selectively  activates  [9]  or  inhibits  ORs  [29].  This  synthetic 
compound,  not  encountered  in  nature  by  insects,  was  nonetheless 
able  to  interact  with  ORs,  albeit  at  high  concentrations.  Elow  could 
this  compound  exert  agonist  and  antagonist  effects  on  different 
ORs?  We  used  our  knowledge  of  OR-ligand  pairs  to  study  this 
question.  OR2,  OR8  and  ORIO  exhibit  a  wide  range  of  sequence 
similarities  [24].  OR2  and  ORIO  share  69%  amino  acid  identity, 
and  14%  identity  with  OR8.  These  protein  sequence  variations  pro¬ 
vided  a  control  to  test  the  molecular  basis  of  the  possible  mode  of 
action  of  insect  repellents.  We  also  expanded  our  studies  to  include 
structurally  different  insect  repellents  including  both  synthetic 
compounds  and  naturally  occurring  chemicals  [30]  using  Xenopus 
oocytes  heterologously  expressing  OR2,  OR8  or  ORIO  along  with 
Oreo. 

These  studies  suggested  that  mosquito  repellents  exert  multiple 
effects  on  ORs.  For  example,  while  DEET  alone  activated  OR2-Orco 
(Fig.  1G),  it  inhibited  OR8-Orco  response  to  octenol  [13]  (Fig.  IE). 


DEET  reduced  OR  sensitivity  and  the  maximum  effect  of  the  ago¬ 
nist  odorants  [31].  A  survey  of  the  potential  effects  of  various  in¬ 
sect  repellents  on  OR8-Orco  and  OR2-Orco  confirmed  that  these 
compounds  either  elicited  specific,  dominant  or  unspecific  agonist 
or  antagonist  effects  depending  on  the  ORx  tested  [30].  More 
importantly,  these  results  were  largely  corroborated  by  in  vivo 
studies  showing  that  DEET  altered  the  fine-tuning  of  functionally 
diverse  ORNs  [10].  However,  the  exact  operating  mechanisms  for 
the  mode  of  action  of  insect  repellents,  via  orthosteric  or  allosteric 
sites,  were  not  conclusively  demonstrated  and  the  multimeric  nat¬ 
ure  of  ORs  compounded  the  interpretations  of  these  results. 

Using  high-throughput  screens  to  search  for  novel  modulators 
of  An.  gambiae  ORs  expressed  in  human  embryonic  kidney  cell 
lines,  a  new  class  of  synthetic  chemicals,  known  as  VUAA  were 
shown  to  activate  Oreo  alone  [31].  These  results  were  the  proof 
of  concept  for  the  existence  of  allosteric  sites  considering  that  Oreo 
is  the  non-sensing  subunit  of  the  ORx-Orco  complex.  An  additional 
study  on  the  activation  of  Oreo  by  a  VUAA  analog  was  consistent 
with  the  idea  that  Oreo  forms  multimeric  assemblages  [32]. 

4.  Action  of  repellents  on  GRNs  and  GRs 

While  mosquito  repellents  have  mostly  been  studied  in  an 
olfactory  context,  several  reports  have  indicated  that  repellents 
may  be  detected  by  via  gustatory  receptors  (=contact  chemorecep- 
tors)  on  the  labella  (Fig.  3A  and  B)  and  function  as  feeding 
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deterrents.  Christophers  [33]  suggested  that  compounds  with  low 
volatility  acted  as  contact  repellents.  Bar-Zeev  and  Schmidt  [34] 
used  a  radiotracer  to  present  evidence  suggesting  that  low  concen¬ 
trations  of  DEET  were  detected  by  contact  chemoreceptors  on  the 
labella  of  Ae.  aegypti.  More  recently  DEET  and  other  repellents  were 
shown  to  act  as  feeding  deterrents  in  behavioral  bioassays  [35,36]. 
The  suggestion  that  DEET  and  other  repellents  acted  as  feeding 
deterrents  indicates  that  gustatory  receptors  might  be  targeted 
by  insect  repellents. 

We  have  recently  used  single-cell  recordings  from  sensilla  on 
the  labella  ofAe.  aegypti  to  demonstrate  the  presence  of  a  CRN  that 
responds  to  DEET  and  other  repellents  including  Picaridin,  1R3535, 
and  citronellal  [37].  Based  on  the  size  and  shape  of  the  action 


potentials  recorded,  at  least  three  GRNs  are  housed  within  individ¬ 
ual  sensilla  on  the  labella  (Fig.  3B).  The  neuron  with  the  largest 
amplitude  action  potential  responded  to  increasing  concentrations 
of  NaCl  (Fig.  3C).  A  somewhat  smaller  amplitude  action  potential 
was  activated  by  sucrose  (Fig.  3D),  while  the  smallest  amplitude 
action  potential  was  activated  by  the  feeding  deterrent,  quinine 
(Fig.  3E).  This  neuron  with  the  smallest  amplitude  action  potential 
was  also  activated  in  a  dose  dependent  manner  by  DEET,  and  re¬ 
sponses  were  elicited  by  Picaridin,  IR3535,  and  citronellal 
(Fig.  3E).  GRNs  in  the  fruit  fly,  D.  melanogaster  are  also  activated 
by  DEET  [11], 

The  discovery  of  a  GRN  that  responds  reliably  to  DEET  and  other 
repellents  is  a  first  for  mosquitoes  or,  for  that  matter,  any 


Fig.  3.  A.  Location  of  sensilla  on  the  labella  of  Ae.  aegypti.  B.  Electrophysiological  recordings  from  sensilla  on  the  labella  revealed  action  potentials  from  at  least  3  gustatory 
receptor  neurons  (GRNs).  C.  The  largest  amplitude  action  potential  responded  to  increasing  concentrations  of  NaCl.  D.  A  somewhat  smaller  amplitude  action  potential 
responded  to  sucrose.  E.  The  smallest  amplitude  action  potential  was  activated  by  quinine,  a  feeding  deterrent,  and  the  insect  repellents  DEET,  IR3535,  Picaridin,  and 
citronellal. 
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hematophagous  arthropod.  This  deterrent  CRN  resembles  other 
GRNs  found  in  herbivorous  insects  that  mediate  avoidance  behav¬ 
iors  [38].  The  fact  that  the  neuron  was  sensitive  for  the  repellents 
tested  may  provide,  in  part,  an  alternative  explanation  for  the 
requirement  for  high  concentrations  of  these  repellents  for  their 
effects  as  GRNs  in  other  insects  including  the  blowfly,  Phormia  re¬ 
gion,  respond  to  volatiles  at  high  concentrations  [39].  Since  DEET, 
Picaridin,  and  IR3535  are  synthetic  compounds,  and  citronellal  dif¬ 
fer  structurally  from  each  other  (Fig.  3E),  it  seems  likely  that  some 
repellents  interact  with  allosteric  sites  on  the  GR  assemblage  as 
better  demonstrated  for  the  olfactory  sense  [29,40]. 

5.  Conclusions 

Insect  repellents  exert  their  effects  through  interactions  with 
ORs  and  GRs  in  mosquitoes.  The  fact  that  DEET  modulates  re¬ 
sponses  of  ORs  ex  vivo  in  Ae.  aegypti  [13]  is  supported  by  studies 
in  Drosophila  where  DEET  was  shown  to  alter  responses  of  ORNs 
to  their  ligands  based  on  the  concentration  of  the  odor  [10].  In 
addition,  DEET,  1R3535,  Picaridin,  and  citronellal  stimulate  a  spe¬ 
cific  CRN  sensitive  to  feeding  deterrents  in  Ae.  aegypti  [37], 

How  do  DEET  and  other  insect  repellents  interact  with  a  multi¬ 
plicity  of  transmembrane  proteins  engaged  in  various  sensory 
modalities?  It  appears  that  part  of  the  answer  lies  with  the  ability 
of  these  compounds  to  interact  with  secondary  recognition  sites 
(allosteric  sites)  on  receptor  proteins.  It  is  also  important  to  note 
that  these  effects  are  observed  when  using  high  quantities  of  insect 
repellents.  These  characteristics  may  explain  how  DEET  affects  the 
behavior  of  diverse  groups  of  arthropods.  However,  the  receptor 
specific  effects  of  some  repellents  indicate  that  these  compounds 
have  structural  qualities  that  enable  interactions  with  a  variety 
of  molecular  targets.  This  question  will  be  best  tested  by  looking 
at  the  molecular  mode  of  action  of  DEET  on  non-insect  arthropods 
such  as  ticks. 

Pioneering  independent  studies  had  led  to  distinct  theories  on 
the  molecular  mode  of  action  of  DEET  in  olfaction:  (i)  DEET  alone 
activates  ORx-Orco  in  the  absence  of  odorant  or  (ii)  that  DEET 
inhibits  the  activation  of  ORx-Orco  by  the  cognate  ligand.  We  have 
shown  that  both  theories  are  not  exclusive  and  depend  on  the  ORx- 
Orco  construct  and  ligand  contexts  (presence  or  absence  of  cognate 
ligands). 

Understanding  the  mode  of  action  of  insect  repellents  and  how 
these  chemicals  interact  with  odorants  to  modulate  OR  and  GR 
activity  will  allow  us  to  design  potent  formulations  aimed  at  inter¬ 
fering  with  insect  sensory  signaling  to  ultimately  disrupt  their  cog¬ 
nitive  processes.  It  is  also  important  to  underscore  the  need  to 
understand  the  chemical  ecology  of  mosquitoes  and  other  targeted 
pests  in  order  to  provide  candidate  semiochemicals  necessary  to 
develop  better  attractants  and  repellent  formulations.  Identifica¬ 
tion  of  new  synthetic  repellents  or  compounds  with  novel  modes 
of  action  will  be  facilitated  by  heterologous  expression  of  targeted 
ORs  and  GRs  for  discovery  of  allosteric  recognition  sites. 
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